Cytotoxic T lymphocyte (CTL)-based immunotherapies have had remarkable success at generating objective clinical responses in patients with advanced metastatic melanoma. Although the melanocyte differentiation antigens (MDA) MART-1, PMEL, and tyrosinase were among the first melanoma tumor-associated antigens identified and targeted with immunotherapy, expression within normal melanocytes of the eye and inner ear can elicit serious autoimmune side effects, thus limiting their clinical potential as CTL targets. Using a tandem mass spectrometry (MS) approach to analyze the immunopeptidomes of 55 melanoma patient-derived cell lines, we identified a number of shared HLA class I-bound peptides derived from the melanocyte-specific transporter protein SLC45A2. Antigen-specific CTLs generated against HLA-A Ã 0201-and HLA-A Ã 2402-restricted SLC45A2 peptides effectively killed a majority of HLA-matched cutaneous, uveal, and mucosal melanoma cell lines tested (18/25). CTLs specific for SLC45A2 showed significantly reduced recognition of HLA-matched primary melanocytes that were, conversely, robustly killed by MART1-and PMEL-specific T cells. Transcriptome analysis revealed that SLC45A2 mRNA expression in normal melanocytes was less than 2% that of other MDAs, therefore providing a more favorable melanoma-to-melanocyte expression ratio. Expression of SLC45A2 and CTL sensitivity could be further upregulated in BRAF(V600E)-mutant melanoma cells upon treatment with BRAF or MEK inhibitors, similarly to other MDAs. Taken together, our study demonstrates the feasibility of using tandem MS as a means of discovering shared immunogenic tumor-associated epitopes and identifies SLC45A2 as a promising immunotherapeutic target for melanoma with high tumor selectivity and reduced potential for autoimmune toxicity.
Introduction
Proteins with expression patterns restricted to melanoma have been identified as potential targets for immunotherapy. Immunebased strategies targeting melanocyte differentiation antigens (MDA), such as MART-1, PMEL, and tyrosinase, which are overexpressed in malignant cells, have been used as effective treatments for patients with refractory disease (1, 2) . However, when large numbers of MDA-specific cytotoxic T lymphocytes (CTL) are infused for adoptive cell transfer therapy, destruction of normal melanocytes can be observed, which manifests in the skin as vitiligo (3) (4) (5) . Efforts to augment antitumor efficacy through the use of high-dose lymphodepletion and IL2, and/or the use of engineered T cells with greater avidity for these MDA-associated epitopes, have resulted in more serious autoimmune manifestations, such as uveitis and inner ear toxicities from melanocyte destruction within these tissues, leading to significant morbidity (6) (7) (8) . Therefore, a means to target melanoma tumor cells without inducing serious autoimmune toxicities is highly desirable. SLC45A2 (solute carrier family 45, member 2) is an MDA protein localized within the melanosome membrane whose function is linked to processing and trafficking of tyrosinase to the melanosome and/or pH maintenance within the melanosomes (9) (10) (11) . SLC45A2 (also referred to as AIM1 or MATP) is associated with dark skin, hair, and eye pigmentation. In humans, a pathogenic mutation of SLC45A2 leads to type IV oculocutaneous albinism (OCA4; refs. 9, [12] [13] [14] . SLC45A2 variants have been associated with an increased risk for melanoma. SLC45A2 has been proposed as a melanoma susceptibility gene in lightskinned populations, and the encoded protein can elicit immune recognition (15, 16) . SLC45A2 expression is restricted to the melanocyte lineage, and according to the The Cancer Genome Atlas Research Network (TCGA) database, it is expressed by approximately 80% of cutaneous melanomas (17) .
In the current study, we performed mass spectrometry (MS) analysis on 55 melanoma patient-derived tumor cell lines and identified a number of shared HLA class I-bound peptides derived from SLC45A2. We demonstrate the immunogenicity of HLA-A Ã 0201-and HLA-A Ã 2402-restricted SLC45A2 epitopes by generating peptide-specific CTLs that recognize endogenously presented targets on SLC45A2 þ cutaneous, uveal, and mucosal melanoma cell lines. Although SLC45A2 is a melanocyteassociated protein, its expression in mature normal melanocytes was found to be less than 2% that of other MDAs, such as MART-1 and PMEL, resulting in a significantly improved melanoma-tomelanocyte CTL killing index. We show here that an MDA can serve as an effective melanoma CTL target, with high tumor selectivity and minimal potential for autoimmune toxicity. This study also provides a clear example wherein tandem MS/MS tumor profiling has yielded immunogenic, and potentially therapeutic, endogenously presented peptide epitopes that could elicit robust antitumor CTL responses in multiple donors.
Materials and Methods
Peptide elution and tandem MS Human melanoma tumor cell lines were expanded to approximately 10 8 cells (10 Â 10 cm confluent plates), then lysed using Triton X-100. Cell lysates were incubated overnight at 4 C with gentle agitation with 1 mg HLA-A,B,C-specific mAb W6/32 for every 10 mg of protein. Protein A/G Ultralink resin beads were used to immunoprecipitate HLA molecules, which were then directly eluted along with tumor-associated peptides using 0.1 N acetic acid in five consecutive 1-mL eluates. Purification of HLA was confirmed by Western blot analysis, and HLA-positive elutes were pooled and analyzed by tandem MS (MS/MS), as described below.
For discovery phase MS/MS, eluted HLA-bound peptides were injected onto a high-sensitivity HPLC system (Dionex 3000 RSLC), separated by reverse-phase chromatography in 0.1% formic acid water-acetonitrile on 1.8 mm C18 (Agilent Technologies) and analyzed on an Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) using data-dependent acquisition. The Mascot algorithm was employed to search acquired MS/MS spectra against the SwissProt complete human protein database using 10 ppm parent mass tolerance, 0.8 d fragment ion tolerance, Met oxidation, no enzyme selectivity. Search results were cross-referenced with the appropriate MHC-binding specificities using NetMHC 3.4 (18) . On the basis of the results of Discovery MS/ MS, next-generation sequencing, and bioinformatics analysis considering target gene expression in normal tissues [GTex RNA sequencing (RNA-seq) databases] and human tumors (TCGA RNA-seq database), high-confidence peptides of interest (corresponding to high Mascot ion scores) were synthesized and used as standards in a more sensitive targeted MS/MS analyses (19, 20) . In this analysis, retention-time windows for the synthetic peptide standards of interest were predetermined by MS analysis of the synthetic peptides, then targeted methods for searching tumorassociated peptides were constructed using mass windows of 3 Da around each m/z.
Cell lines and blood donors
Melanoma tumor lines were established from metastatic melanoma samples from patients enrolled on the IRB-approved adoptive T-cell therapy study for the use of tumor-infiltrating lymphocytes (2004-0069). Briefly, a single-cell suspension was obtained through manual dissection of the tumor specimen, followed by incubation with an enzymatic digestion cocktail (0.375% collagenase type I, 75 mg/mL hyaluronidase and 250 U/mL DNAse I in RPMI1640) in a humidified incubator at 37 C with 5% CO 2 and with gentle rotation for 2 to 3 hours. The digested material was then filtered through a 70-mm filter, washed, resuspended in fresh media [RPMI1640 (with GlutaMAX), 10% FBS, 10 mmol/L HEPES, 1Â penicillin/streptomycin (20 mg/mL), 50 mmol/L 2-mercaptoethanol, insulin-selenium-transferrin supplement (5 mg/mL, Invitrogen)], and plated in one well of a 6-well culture plate. The next day, the nonadherent cells were washed out and fresh media were added. Cultures were deemed established when the expanded cells stained positive for a melanoma tumor marker and negative for a fibroblast marker (CD90). MCSP-1 was used as a melanoma tumor surface marker to assess the purity of the tumor by flow cytometry once enough cells were grown. All cell lines were tested for mycoplasma and fingerprinted before use. Melanoma cell lines were maintained in RPMI1640 with 4 mmol/L L-glutamine, 1 mmol/L nonessential amino acids, 10 mmol/L sodium pyruvate, and 50 U/mL penicillin, 50 mg/mL streptomycin, and 10% FBS (Tissue Culture Biologicals).
All melanoma cell lines numbered from 2042 to 2800 were derived from melanoma patient tumors at the MD Anderson Cancer Center TIL Laboratory between 2006 and 2014. Other cell lines were purchased commercially or obtained from trusted collaborators during the same time period. All cell lines were authenticated by DNA fingerprinting, tested for mycoplasma using a PCR-based test prior to use in the described experiments, and used within 2 to 3 weeks of thawing cryopreserved samples.
Peripheral blood mononuclear cells (PBMC) samples were obtained from healthy donors expressing HLA-A Ã 0201 or HLA-A Ã 2402. Lymphoblastoid cell lines (LCLs) used as feeder cells were cultured in RPMI1640 containing 10% FBS, 50 U/mL penicillin, and 50 mg/mL streptomycin. CTL media for T-cell culture contained 10% FBS, 2 mmol/L L-glutamine, b-mercaptoethanol, penicillin (50 U/mL), and streptomycin (50 mg/mL). Primary neonatal epidermal melanocytes were a kind gift from Dr. Peter P. Lee (City of Hope, Duarte, CA) and were cultured in medium 254 with HMGS-2 supplement (Gibco).
MDA gene expression analysis
Four different techniques were used to analyze the transcriptional expression of MDAs. For RT-PCR analysis of melanoma and primary melanocytes, total cellular RNA was extracted using a guanidine-isothiocyanate/cesium chloride procedure. Highcapacity cDNA reverse transcription was used to make cDNA from 1 mg of RNA, which was then amplified by 30 cycles of PCR with primers specific for SLC45A2, MART-1, PMEL, or tyrosinase (Supplementary Table S1 ). Resulting PCR products were run on a 2% agarose gel and visualized by Gel Red. qRT-PCR was also performed with MDA-specific primers using a Power SYBR Green PCR Master Mix (Applied Biosystems; Life Technologies). In these experiments, MDA expression values were normalized relative to GAPDH expression.
RNA-seq analysis was performed on RNA derived from 66 MD Anderson-derived melanoma cell lines and four melanocyte lines using the following protocol/parameters: whole transcriptome sequencing was performed using the Illumina TruSeq Stranded Total RNA Kit with Ribo-Zero Gold with approximately 2 Â 10 8 paired-end reads for each tumor RNA sample (The Broad Institute and Avera Institute for Human Genetics). All transcript expression values were normalized to transcripts per million (TPM) and compared with RNA-seq datasets from TCGA and GTex portal normal tissue expression database (17, 21) . Thresholds for determining MDA positivity in melanoma cell lines were 5 TPM for MART-1 and PMEL and 1 TPM for tyrosinase and SLC45A2. RNA isolated from lentivirally transduced melanocytes was hybridized onto an Affymetrix Human Genome U133A 2.0 Array and analyzed by Expression Analyses as described previously (22) .
Lentiviral transduction
SLC45A2-expressing Mel888 melanoma cells (HLA-A Ã 0101/ A Ã 2402) were transduced to overexpress HLA-A Ã 0201 or HLA-A Ã 2402 using lentiviral gene transfer vectors as described previously (23, 24) . The human phosphoglycerate kinase (hPGK) promoter was used to drive HLA gene expression, and flow cytometry with HLA allotype-specific antibodies was used to confirm tumor cell surface expression. Primary neonatal epidermal melanocytes were transduced with lentiviral vectors that used a CMV promoter to drive expression of either wild-type (WT) BRAF or mutated BRAF(V600E), along with eGFP expression driven by a downstream IRES element, allowing for flow cytometric sorting of transduced cells followed by selection of equivalently transduced lines based on GFP expression. Three days following transduction, GFP-positive melanocytes were sorted and RNA was prepared for Affymetrix microarray gene expression analysis as described previously (22) .
Isolation and expansion of SLC45A2-specific CD8 T cells
Tumor antigen-specific CTLs were generated as described previously (25, 26) . HLA-A Ã 0201 or HLA-A Ã 2402-positive PBMCs were stimulated by autologous dendritic cells (DC) pulsed with the appropriate antigenic peptide. For induction of DCs, adherent PBMCs were cultured with GM-CSF (800 U/mL) and IL4 (500 U/ mL) in AIM-V medium (Invitrogen Life Technologies) for 6 days and then matured using a 1-day incubation in IL1b (2 ng/mL), IL6 (1,000 U/mL), TNFa (10 ng/mL), and PGE 2 (1,000 ng/mL). Mature DCs were pulsed with peptide (40 mg/mL) at 2 Â 10 6 cells/mL in 1% human serum albumin/PBS in the presence of l b 2 -microglubulin (3 mg/m) for 4 hours at room temperature and irradiated (5,000 rads). After washing, DCs were mixed with PBMCs (DC:PBMC ¼ 1:35) and plated in 1 mL media in 48-well plate. IL21 (30 ng/mL) was added initially and again after 3 to 4 days of culture. IL2 (10 U/mL) and IL7 (5 ng/mL) were added one day after starting the second DC stimulation to expand Ag-activated T cells.
Six days after the secondary stimulation, cultured cells were stained with SLC45A2 382-390 peptide/HLA-A Ã 0201 or SLC45A2 393-402 peptide/HLA-A Ã 2402-PE-conjugated custom tetramers (Fred Hutchinson Cancer Research Center, Seattle, WA) for 20 minutes, washed, and then stained with allophycocyanin (APC)-conjugated CD8 antibody for 15 minutes. After washing, cells were analyzed by flow cytometry (LSRFortessa X-20 Analyzer). CD8 þ /tetramer þ cells were sorted by ARIA II, and the sorted SLC45A2-specific CD8 þ T cells were expanded using the Rapid Expansion Protocol (REP) with PBMC and LCL feeder cells, as described previously (25) .
Phenotyping of expanded, antigen-specific T cells
The T-cell receptor (TCR) V b repertoire of expanded CD8 T cells was assessed using the IOTest Beta Mark TCR V b Repertoire Kit. This assay utilizes 24 TCR V b -specific antibodies, collectively covering approximately 70% of the normal human TCR V b repertoire, conjugated with FITC, phycoerythrin (PE), or both fluorophores. Prior to performing flow analysis of the TCR-V b repertoire, staining with anti-CD8 APC was performed to enable CTL-specific gating. Expanded T cells were also analyzed by flow cytometry for markers CD45RA, CCR7, CD62L, and CD28 to assess effector/central memory phenotype.
T-cell functional assays
Tumor cell recognition and antitumor killing by expanded SLC45A2-specific CD8 þ T cells was assessed using a standard chromium-51 ( 51 Cr) release assay. Target cells were labeled with 100 mCi of 51 Cr for 2 hours, and after washing, labeled targets were plated in triplicate wells at 2,000 target cells per well. Effector cells were incubated with targets as various effector-to-target (E:T) ratios for 4 hours, at which time 30 mL of supernatant was collected from each well and 51 Cr release was measured with a gamma radiation counter. The percentage of specific lysis was calculated, correcting for background 51 Cr release and relative to a maximum release as measured by Triton X-100-lysed target cells. Antigen-specific cytokine release by SLC45A2, Mart-1, and PMELspecific CD8 T cells was assessed using an IFNg ELISA assay. Expanded effector T lymphocytes (1e5 cells) were incubated in culture with T2 cells (5e4 cells) pulsed with titrated concentrations of SLC45A2 382-390 , MART-1 [27] [28] [29] [30] [31] [32] [33] [34] [35] , or PMEL 154-162 peptide. After 48 hours of coincubation, cell supernatants were collected and IFNg production quantitated by ELISA.
Xenograft model
To investigate the potential therapeutic effect of SLC45A2-specific CTLs in melanoma-bearing mice, nude mice were inoculated subcutaneously in the right flank with 1 Â 10 7 Mel526 cells/mouse. The mice were randomized into three groups: (i) IL2 only; (ii) SLC45A2-specific CTLs þ IL2; or (iii) MART-1-specific CTLs þ IL2. CTLs (1 Â 10 6 ) were injected intravenously at day 7, 14, 21, 28, and 35 following tumor inoculation, followed by intraperitoneal injections of IL2 (5,000 units) twice daily for 3 days. Tumor volumes were determined along three orthogonal axes (A, B, and C) and calculated as tumor volume ¼ ABC/2. Tumor volume was measured every 3 days.
MAPK inhibitor experiments
Melanoma cell lines expressing mutant BRAF(V600E) (Mel526 and A375), or wild-type BRAF (MeWo) were treated with the BRAF (V600E)-specific inhibitor dabrafenib (50 nmol/L), the MEK inhibitor trametinib (50 nmol/L, GlaxoSmithKline), or both inhibitors for 48 hours. Inhibitor-treated melanoma cells were then analyzed by qRT-PCR for MDA expression and 51 Cr release to assess susceptibility to antigen-specific T-cell killing as described above. Untreated melanoma cells were used as controls.
Statistical analysis
Data analysis was performed using GraphPad Prism version 6.0e. Normally distributed data were analyzed using parametric tests (ANOVA or unpaired t test). Statistical test differences were considered significant if P values were <0.05.
Results

Melanomas present shared peptide antigens derived from SLC45A2
To characterize the immunopeptidome landscape of melanoma, a panel of 55 melanoma patient-derived cell lines (MD Anderson Cancer Center, Houston, TX) was analyzed using HLA class I immunoprecipitation and acid elution, followed by tandem MS. Peptide fragmentation spectra were matched against a SwissProt peptide database representing the complete human proteome (Fig. 1A) . The qualities of individual peptide matches were assessed using multiple orthogonal parameters, including Mascot ion score, MS1 mass differential (delta mass), and predicted peptide binding to the patient's HLA allotypes, as determined by high-resolution genetic sequencing. To determine suitability as tumor-associated antigens, genes encoding eluted peptides were assessed for normal tissue expression using the GTex Portal RNAseq database and for tumor expression using TCGA RNA-seq database (17, 21) . Finally, potential tumor-associated antigens of interest were validated in a targeted MS experiment using synthetic peptides for comparison (Fig. 1B and C) .
The 55 melanoma cell line analysis revealed shared expression of a number of high-confidence peptides derived from the highly tissue-restricted melanocyte membrane-associated transporter protein SLC45A2 (Supplementary Table S2 Supplementary Fig. S1 ), which correlated well with a similar increase in fragment ion spectra intensities and Mascot ion score (Supplementary Table S3 ), thus providing increased confidence in peptide identification. These studies showed that SLC45A2-derived peptides were naturally processed and presented on melanoma cells and could be readily detected by MS in a significant fraction of cases (16/ melanoma patients, the identified peptide epitopes have the potential to constitute widely shared melanoma target antigens.
SLC45A2 is expressed by a majority of human melanomas
To assess the overall prevalence of SLC45A2 expression in human melanoma, mRNA was isolated from a panel of 24 melanoma tumor cell lines and subjected to RT-PCR analysis. SLC45A2 was expressed by the majority (18/24, 75%) of melanoma lines ( Fig. 2A and B) , and in most cases was coexpressed with other tumor-associated melanocyte differentiation antigens MART1, PMEL, and tyrosinase, consistent with its reported role as a target gene for melanogenesis-associated transcription factor (MITF; (Fig. 2C) . 27) . The status of SLC45A2 as a melanoma-specific tumor-associated antigen was further confirmed by RNA-seq data from TCGA, showing that SLC45A2 RNA is expressed by approximately 80% of cutaneous melanomas and 100% of uveal melanomas tested in this study, but in no other tumor types, with the exception of a small subset of prostate and liver cancers (Supplementary Fig. S4;  ref. 17) . RNA-seq data from the GTex Portal showed that SLC45A2 transcript expression was absent in nearly all normal tissues analyzed (21) . SLC45A2 transcript expression in normal heart was very low or absent (mean 0.07 TPM), whereas the mean transcript expression in normal brain was comparable with that of other MDAs (0.27 TPM; Table 1 ; Supplementary Fig. S4 ). The highest normal tissue expression was detected in testis and skin, but at transcript concentrations 1% to 2% of melanoma (Supplementary Fig. S4 ). In contrast to PMEL, MART1, and TYR, mean SLC45A2 transcript expression among primary melanocytes was 0.8% to 1.4% of these other MDAs, as quantitated by RNA-seq (Table 1) .
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PBMCs were stimulated twice with SLC45A2 peptide-pulsed DCs in the presence of IL21, as described previously ( Fig. 3A; Fig. 3B and C ; Supplementary Fig. S5A ). Phenotypic analysis of the expanded SLC45A2-specific CD8 T cells showed low to absent expression of CD45RA, CCR7, and CD62L, but elevated expression of CD28, suggesting an effector memory-like phenotype ( Supplementary  Fig. S5B ). (Fig. 4A ). SLC45A2-specific T-cell recognition was also tested were subsequently tested for antitumor activity. TCR repertoire analysis of expanded SLC45A2-specific CTLs was also performed using V b antibodies corresponding to 24 different specificities (bottom). (Fig. 4B) . The ability of SLC45A2-specific T cells to induce antitumor effects in vivo was also tested in a xenogeneic mouse model (Fig. 4C) . Infusion of A Ã 0201-restricted SLC45A2-specific CTLs induced a significant delay in tumor growth in Mel526 tumorbearing mice compared with that of control mice (P < 0.05), and was comparable with MART1-specific CTL treatment (P < 0.05, Fig. 4D ).
SLC45A2-specific T cells kill a majority of HLA-matched melanomas
The activity of SLC45A2-specific T cells against uveal and mucosal melanoma cell lines was also evaluated (30) . Four of five uveal melanoma cell lines showed robust SLC45A2 transcript expression ( Supplementary Fig. S6A ). Of the two A Ã 0201 þ cell lines, OMM1 cells were lysed efficiently by SLYSYFQKV-specific T cells, but UPMD1 cells demonstrating reduced SLC45A2 expression were not ( Supplementary Fig. S6B ). Only one of the five uveal cell lines expressed HLA-A Ã 2402 (UPMD2), and these cells were targets for killing by SYIGLKGLYF-specific T cells ( Supplementary  Fig. S6C ). Similarly, both mucosal melanoma cell lines analyzed showed SLC45A2 transcript expression ( Supplementary Fig.  S6D ), and the one A Ã 0201 þ cell line (Mel2170) was also robustly killed by SLC45A2-specific T cells (Supplementary Fig. S6E ). These results show that the SLC45A2 382-390 and SLC45A2 393-402 peptide epitopes are naturally processed and presented by HLA-A Ã 0201 and HLA-A Ã 2402 on a majority of cutaneous, uveal, and mucosal melanomas, rendering them susceptible to lysis by SLC45A2 antigen-specific CTLs. 
SLC45A2-specific T cells demonstrate low cytotoxicity against primary melanocytes
Serious autoimmune consequences have resulted from CTL targeting of the MDAs MART-1 and PMEL, mostly due to ontarget destruction of normal melanocytes (3, 6, 31) . Therefore, we next assessed the cytotoxic activity of SLYSYFQKV-specific CD8 T cells against normal primary A Ã 0201-expressing melanocytes compared with T cells specific for other known A Ã 0201-restricted MDA peptides. Normal donor PBMCderived CTLs were generated that demonstrated strong recognition of the well-characterized A Ã 0201-restricted PMEL 154-162 and MART-1 27-35 peptide targets (Supplementary Fig. S7 ; Supplementary Table S4 ). RT-PCR analysis of three HLA-A Ã 0201þ human epidermal primary melanocyte lines revealed that SLC45A2 transcript expression was appreciably lower than that of MDAs MART-1, PMEL, and tyrosinase (Fig. 5A) . When melanocyte lines were used as targets for SLC45A2-, PMEL-, or MART-1-specific CTLs, all melanocyte lines were efficiently killed by PMEL and MART-1 CTLs, but not by SLC45A2-specific T cells (Fig. 5B) . The normal melanocytes could present A Ã 0201-restricted peptides, as shown by high HLA-A Ã 0201 surface expression ( Supplementary Fig. S8A ), and pulsing the melanocytes with the SLYSYFQKV peptide rendered them targets for SLC45A2-specific CTL recognition (Supplementary Fig. S8B ). Differential killing of melanocytes and melanoma cells was also observed in SLC45A2-specific T cells derived from three additional PBMC donors ( Supplementary  Fig. S9 ).
To confirm antigen expression differences among our melanoma cell lines and primary melanocytes, we performed a more quantitative RNA-seq-based assessment of MDA transcript expression (Table 1) . RNA-seq analysis of 48 SLC45A2-positive melanoma cell lines uncovered highly significant differences in expression levels among the different MDAs. The highest expression by a large margin was PMEL (mean 2,361 TPM), followed by tyrosinase (392 TPM), MART-1 (273 TPM), and SLC45A2 (99 TPM). RNA-seq data from the melanoma TCGA showed a highly similar decreasing trend in MDA expression, but with a higher overall observed expression for PMEL and MART-1 in both cutaneous and uveal melanoma (Table 1; ref. 17) . To better understand the differential melanocyte killing by PMEL-, MART1-, and SLC45A2-specific CTLs, we also performed RNA-seq analysis on four primary human melanocyte cell lines. These experiments revealed that mean RNA transcript expression of well-known MDAs PMEL (5,354 TPM), MART-1 (2,804 TPM), and tyrosinase (2,268 TPM) were significantly higher (3-to 9-fold) in cultured primary melanocytes compared with melanoma cells. In contrast, mean SLC45A2 transcript expression in primary melanocytes was only 39 TPM, less than half of that expressed by melanoma cells (Table 1) . These results show that SLC45A2 has a more favorable melanoma-to-melanocyte overexpression ratio and significantly lower overall expression compared with PMEL, MART-1, and tyrosinase, likely contributing to the ability of SLC45A2-specific CTLs to effectively kill melanoma cells without destroying normal primary melanocytes. 
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SLC45A2 expression and melanoma cell killing is enhanced by MAPK inhibitors
Similar to other MDAs, SLC45A2 is regulated by MITF, which is suppressed in melanoma by oncogenic BRAF through ERK-mediated phosphorylation and degradation (32, 33) . To investigate whether MAP kinase pathway activation through mutated BRAF (V600E) could modulate SLC45A2 expression, we transduced primary melanocytes to express GFP, wild-type (WT) BRAF, or mutant BRAF(V600E) (22) . Gene expression microarray analysis showed that BRAF(V600E) expression led to a significant downregulation of MDAs PMEL, MART-1, TYRP1, TYR, and SLC45A2, ranging from approximately 17% to 33% of the expression in control GFP-transduced cells (Fig. 6A) . Thus, we next investigated whether clinically relevant BRAF and MEK inhibitors could upregulate the expression of SLC45A2 in melanoma cells, as has been demonstrated for other MDAs (34) . Melanoma cells were treated with sublethal doses of the BRAF(V600E)-specific inhibitor dabrafenib, MEK inhibitor trametinib, or both inhibitors, for 48 hours, after which mRNA was isolated and expression of SLC45A2 and MART-1 analyzed by qRT-PCR. A significant increase in both SLC45A2 and MART-1 gene expression was observed in BRAF (V600E)-expressing Mel526 cells after treatment with both inhibitors, alone or in combination (Fig. 6B) . As expected based upon MDA upregulation, significantly enhanced killing of Mel526 cells by both SLC45A2-specific and MART-1-specific CTLs was observed following inhibitor treatment, while MDA-negative A375 cells were not lysed under any treatment condition (Fig. 6C) . Collectively, these data indicate that MAPK pathway inhibitors can effectively upregulate the expression of SLC45A2 in BRAF(V600E)-mutated melanomas, leading to enhanced tumor cell recognition and killing by SLC45A2-specific CD8 þ T cells.
Discussion
Eliciting potent T-cell-mediated antitumor immunity without concurrent autoimmunity has proven to be one of the greatest ongoing challenges for tumor immunologists. The specific targeting of tumor-associated neoantigens may largely preclude this issue; however, the unique mutational profile within each patient's tumor necessitates a personalized approach that is neither practical nor currently feasible for the vast majority of cancer patients (35) (36) (37) (38) (39) . A number of immune-based strategies have shown effectiveness in metastatic melanoma, particularly immune checkpoint inhibitors that can induce long-term disease control (40) (41) (42) . However, even this promising modality eventually fails in more than 60% of patients, and one third experience serious autoimmune toxicities (41, 43) . Adoptive TIL therapy has also proven effective in melanoma, often leading to long-term durable complete responses after only a single infusion (8, 44) . However, TIL therapy regimens typically utilize lymphodepletion conditioning, followed by high-dose IL2 administration, which can lead to serious toxicities (45, 46) . Thus, employing T cells with defined specificity against shared tumor-associated antigens holds great promise. Melanoma cells express a number of nonmutated genes specific to the melanocyte lineage that can be targeted by T cells, most commonly the MDAs MART-1, PMEL, and tyrosinase, which are collectively expressed under the control of MITF (47) . The use of endogenous T cells targeting MDAs has been successful at mediating tumor regressions and in some cases durable complete responses (28, 29, 48) . Alternative approaches employing recombinant viral vectors expressing high-affinity MDA-specific TCR genes to genetically modify peripheral blood lymphocytes have also proved successful at eradicating large tumor burdens. However, this treatment was also accompanied by a significant increase in the incidence of serious dose-limiting toxicities, including uveitis, vestibular toxicity, and hearing impairment, likely as the result of T-cell-mediated destruction of melanocytes in normal tissues (6) .
The aforementioned studies have led to the idea that MDAspecific T cells may be incapable of inducing antitumor immunity without concurrent autoimmunity through targeting normal melanocytes (7) . However, in this study, we provide evidence that different MDAs demonstrate distinctly differential expression profiles in normal and tumor tissues and thus could differ in their propensity to induce autoimmune side effects. SLC45A2 in cutaneous melanoma distinguishes itself from other MDAs by expressing significantly fewer transcripts: 2.5% to 5% that of PMEL, and 17% to 33% that of MART-1 and tyrosinase. Nonetheless, several SLC45A2-derived, HLA class I-restricted peptides could be detected in an MS-based immunopeptidome survey of 55 melanoma cell lines. Antigen-specific CTLs were raised against two SLC45A2-derived peptides from multiple donors, demonstrating their immunogenicity. SLC45A2-reactive CTLs could lyse most HLA-matched allogeneic cutaneous, uveal, and mucosal melanoma cell lines tested. Perhaps the key distinguishing feature of SLC45A2 was its significantly reduced expression in normal melanocytes. Whereas PMEL transcript levels were comparable between melanocytes and melanomas, MART-1 and tyrosinase transcript expression in primary melanocytes exceeded mean transcript numbers in melanoma cell lines and TCGA melanoma tumors by 3-to 10-fold. In contrast, SLC45A2 transcript expression in normal melanocytes was 1% to 2% that of PMEL, MART-1, or tyrosinase. These differential MDA gene expression profiles are consistent with our data showing that HLA-A Ã 0201 þ primary melanocytes were readily lysed by A Ã 0201-restricted PMELand MART1-specific CTLs but not by SLC45A2-specific CTLs, despite the ability of all 3 CTL lines to robustly kill melanoma tumor cells.
Most MDAs function at different stages of the melanin synthesis pathway in normal melanocytes, which may provide further clues to understanding differential targeting by different MDA-specific CTLs. SLC45A2 is a solute transporter found within the membranes of melanosomes and functions by elevating the pH of these organelles using a proton gradient (11) . Under conditions of elevated pH, copper binds to tyrosinase, resulting in its activation and promoting early melanin synthesis; following this process, melanosomal pH is restored to neutral. In contrast, MART-1 and PMEL are melanosome matrix proteins responsible for late-stage melanin synthesis (49). Thus, it is possible that SLC45A2 may be preferentially expressed during the early stages of melanocyte development. Although further studies are required to confirm this, it is conceivable that differences in timing of MDA gene expression during melanocyte differentiation may lead to the reduced expression of SLC45A2 in mature melanocytes compared with other more abundantly expressed MDAs. However, differences in transcript expression cannot fully explain the preferential killing of melanoma cells over melanocytes by SLC45A2-specific CTLs. No SLC45A2 peptides were detected by MS analysis of primary melanocytes, in spite of high HLA-A Ã 0201 surface expression. Furthermore, these refractory melanocytes quickly became robust targets for CTL killing after being pulsed with low concentrations of SLC45A2 peptide. Collectively, these data suggest that SLC45A2 peptides show significantly reduced abundance on normal melanocytes, possibly due to differential processing of antigenic peptides by the proteasome or other antigen-processing components, or differential posttranslational modification of this peptide between melanocytes and melanoma cells. Cytotoxic activity of SLC45A2-specific CTLs in a standard 51 Cr release assay (E:T ratio ¼ 20:1) against drug-treated targets is shown in comparison with untreated targets. Ã , P < 0.05; ÃÃ , P < 0.01.
The SLC45A2 protein demonstrates a number of attributes that argue in favor of its use as a specific target for melanoma immunotherapy. The gene is expressed by a majority of cutaneous, uveal, and mucosal melanomas, it is not observed in other nonmelanin-producing tumor types, and it shows little or no expression in normal tissues (17, 21) . The preferential killing by SLC45A2-specific T cells of melanoma cells over primary melanocytes predicts that this tumor-associated antigen may have a greater therapeutic window compared with other MDAs; however, this has yet to be tested in vivo. We have now initiated clinical trials to test the safety and efficacy of adoptive transfer with endogenous, expanded SLC45A2-specific T cells in metastatic uveal and cutaneous melanoma patients, with or without checkpoint blockade. Beyond these efforts, reports showing MAPK inhibitor-induced upregulation of MDAs and HLA class I antigen presentation suggest that combining SLC45A2-specific T-cell therapy with BRAF or MEK inhibition may lead to therapeutic synergy in future trials (34, 50) . In light of past experience with MDAspecific T cells, monitoring for autoimmunity in these patients will be of prime interest, in addition to assessing antitumor efficacy. These crucial clinical parameters will ultimately determine whether SLC45A2 can distinguish itself from other MDAs as an effective target for melanoma immunotherapy.
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